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We present studies of the production and spectroscopy of some mem-
bers of the B-hadron family. We reconstruct B ground states in their
hadronic decay modes with a J/ψ or Υ in the final state. These studies
are based on the 2011 7 TeV dataset collected by the ATLAS detector.
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1 Introduction
The production of B-hadrons at the Large Hadron Collider (LHC) provides particu-
lar challenges and opportunities for insight into Quantum Chromodynamics (QCD),
especially as a probe of the properties of the fundamental constituents of matter and
their interactions in a new energy regime. Mesons and baryons containing a b quark
can be seen as the hydrogen and helium atoms of QCD, therefore the measurement
of their spectra plays an especially important role in understanding the strong inter-
actions. The characteristices of b-hadrons at the LHC can also give input for tuning
models and refining event generators in a new energy regime.
The most important elements of the ATLAS detector for B physics measurements
are the Inner Detector (ID) tracker, the Electromagnetic Calorimeter, and the Muon
Spectrometer (MS); details can be found in [1]. Dedicated B physics triggers are
based on both single muons and di-muons with different thresholds and mass ranges.
2 Measurement of the B+ production cross-section
Figure 1: The observed invariant mass distribution of B± candidates, mJ/ψK± , with
transverse momentum and rapidity in the range 20 GeV < pT < 25 GeV, 0.5 < |y| <
1 (dots), compared to the binned maximum likelihood fit (solid line). The error bars
represent the statistical uncertainty. Also shown are the components of the fit as
described in the legend.
Several B-hadron production cross sections have been measured [2–13], but the
theoretical uncertainty remains up to 40% due to uncertainty in the factorization and
renormalization scales of the b-quark production, and the b-quark mass mb [14]. The
LHC provides an opportunity to perform more precise measurements of B-hadron
production cross-sections. Also the B-hadron production cross-section measurements
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in pp collisions at the LHC can provide tests of QCD calculations for heavy-quark
production at high center-of-mass energies and in wide transverse momentum (pT )
and rapidity (y) ranges.
(a) (b) (c)
Figure 2: (a) The doubly-differential cross-section for B+ production as a function
of pT and y, averaged over each (pT , y) interval and quoted at its center. The data
points are compared to NLO predictions from POWHEG and MC@NLO. The shaded
areas around the theoretical predictions reflect the uncertainty from renormalization
and factorization scales and the b-quark mass. The ratio of the measured cross-
section to the theoretical predictions (σ/σNLO) of POWHEG (b) and MC@NLO (c)
in eight pT intervals in four rapidity ranges is shown. The points with error bars
correspond to data with their associated uncertainties, which is the combination of
the statistical and systematic uncertainty. The shaded areas around the theoretical
predictions reflect the uncertainty from renormalization and factorization scales and
the b-quark mass.
ATLAS has measured the B+ production cross-section using the decay channel
B+ → J/ψK+ in pp collisions at √s = 7 TeV, as a function of B+ transverse mo-
mentum and rapidity [15]. The measurement uses data of integrated luminosity of
2.4 fb−1 recorded in early 2011 data |y| < 2.25 and pT up to 100 GeV. Events were
selected using a di-muon trigger where both muons are required to have pT > 4 GeV
and pass a loose selection requirement compatible with J/ψ meson decay into a muon
pair. The B+ candidates are reconstructed from a J/ψ candidate combined with a
hadron track with pT > 1 GeV and required to have pT > 9 GeV, |y| < 2.3, and
χ2/Nd.o.f < 6. The muon tracks and hadron tracks are required to have sufficient
numbers of hits in the Pixel, Semiconductor Tracker (SCT) and Transition Radiation
Tracker (TRT) detectors to ensure accurate ID measurements.
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Figure 3: The differential cross-section for B+ production versus pT , integrated over
rapidity. The solid points with error bars correspond to the differential cross-section
measurement by ATLAS with total uncertainty (statistical and systematic) in the
rapidity range |y| < 2.25, averaged over each pT interval and quoted at its center.
For comparison, data points from CMS are also shown, for a measurement covering
pT < 30 GeV and |y| < 2.4 [23]. Predictions of the FONLL calculation for b-quark
production are also compared with the data, assuming a hadronization fraction fb→B+
of (40.1± 0.8)% [24] to fix the overall scale. Also shown is the ratio of the measured
cross-section to the predictions by the FONLL calculation (σ/σFONLL). The upper
and lower uncertainty limits on the prediction were obtained by considering scale and
b-quark mass variations.
The differential cross-section for B+ production is given by
d2σ(pp→ B+X)
dpTdy
· B = N
B+
 L ·∆pT ·∆y ,
where NB
+
is derived from the average yield of the two reconstructed charged states
B+ and B− in each (pT , y) interval after correcting for detector effects and acceptance.
The total number of B± events is extracted using a binned maximum likelihood fit
in each (pT , y) bin (e.g. Figure 1). The differential cross-section is calculated in 8
pT bins and 4 y bins in the full kinematic range 9 GeV < pT < 120 GeV and |y| <
2.25 as shown in Figure 2(a). The data points have been compared to next-to-leading
order (NLO) [14, 16] predictions from POWHEG [17, 18] and MC@NLO [19, 20]. As
shown in Figure 2(b)(c), the POWHEG prediction shows good agreement with data
in both cross section and shape while MC@NLO predicts a lower cross section and
softer pT spectrum at low y and a harder pT spectrum in high y. The results have
been compared to fixed order plus next-to-leading logarithms (FONLL) [21, 22] as
well. As shown in Figure 3, the FONLL prediction shows good agreement especially
with pT < 30 GeV, and is still compatible in the high pT range even up to 100 GeV.
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3 Bc meson observation
The B±c meson is a bound state of the two heave quarks able to form a stable state.
Weak decays of the B±c meson provide a unique probe of heavy quark dynamics that
is inaccessible to bb or cc bound states.
Figure 4: The invariant mass distribution of reconstructed B±c → J/ψpi± candidates.
The points with error bars are the data. The solid line is the projection of the results
of the unbinned maximum likelihood fit to all candidates in the mass range 5770-6820
MeV. The dashed line is the projection for the background component on the same
fit.
The B±c meson is reconstructed using ATLAS pp collision data collected in the
year 2011 at
√
s = 7 TeV using the decay mode Bc → Jψpi [25]. Single and di-muon
triggers with various transverse momentum have been used. Each muon candidate
must have a track reconstructed in the MS combined with a track reconstructed in
the ID. The di-muon selection requires a pair of oppositely charged muons with pT >
4 GeV for both in the first half year and pT > (6, 4) GeV in the second half year.
Additionally they are required to pass a loose selection requirement compatible with
J/ψ meson decay into a muon pair. The Bc candidate is reconstructed from the
J/ψ candidate combined with a hadron track with pT > 4 GeV. Unlike B
+, the
short Bc meson lifetime means that lifetime cuts are not efficient in separating the
Bc signal from direct J/ψ combinations. The transverse impact parameter signifi-
cance has been proven to be more efficient, and it is required to be larger than 5.
The reconstructed Bc candidates are required to have pT > 15 GeV and χ
2/Nd.o.f < 2.
With the full 2011 integrated luminosity of 4.3 fb−1 of data, 82±17Bc ground state
mesons have been extracted using an unbinned maximum likelihood fit (Figure 4).
The Bc mass returned by the fit is 6282± 7 MeV, which is consistent with the PDG
mass [26] of 6277± 7 MeV.
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4 Measurement of the Λb lifetime and mass
Λ0b is the lightest b-baryon. Although it has been measured by many experiments [27–
29], its lifetime still has large experimental uncertainty (2-3%), and the discrepancy
between the CDF and D0 measurements is high (1.8σ).
(a) (b)
Figure 5: Projection of the fitted probability density function onto the mass (a) and
the proper decay time (b) axis for Λb candidates. The displayed errors are statistical
only. The χ2/Nd.o.f value is calculated from the dataset binned in mass and decay
time with the number of degrees of freedom Nd.o.f = 61.
This analysis is based on 4.9 fb−1 data collected by ATLAS in 2011 using sin-
gle muon and di-muon J/ψ triggers and reconstructed through the decay channel of
Λ0b → J/ψ(µ+µ−)Λ0, Λ0 → p+pi− [30]. Muon tracks are reconstructed in the ID and
identified in the MS, with pT above 400 MeV and pseudorapidity |η| < 2.5 required.
The reconstructed J/ψ candidates are selected within a mass window of 2.8 GeV
< m(µ+µ−) < 3.4 GeV with a vertex fit constrained to the J/ψ mass of 3069.92 MeV
and muon pT > 4 GeV. Reconstructed Λ
0 candidates are selected within a mass win-
dow of 1.08 GeV < m(ppi) < 1.15 GeV with a vertex fit constrained to the Λ0 mass
of 1115.68 MeV; additionally the Λ0 vertex is required to point to the J/ψ vertex.
Finally the Λ0b candidates are reconstructed using a cascade vertex fit applied to the
four tracks µ+, µ−, p, pi simultaneously with all the J/ψ and Λ0 constraints. For
comparison, Bd candidates with similar topology are reconstructed as well. The re-
constructed Λ0b candidates are required to have pT > 3.5 GeV, transverse decay length
larger than 10 mm, global χ2/Nd.o.f < 3, and the difference between the cumulative
χ2 probabilities of the two fits larger than 0.05.
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The mass and the proper decay time, defined as:
τ =
Lxym
PDG
pT
of the Λ0b are extracted using a simultaneous unbinned maximum likelihood fit with
per event error (Figure 5). Including systematic uncertainties on event selection and
reconstruction bias, the fit model, B0d contamination, and the pT scale, the mass and
proper decay time measured are:
mΛ0b = 5619.7± 0.7(stat)± 1.1(syst) MeV
τΛ0b = 1.449± 0.036(stat)± 0.017(syst) ps.
They are consistent with the PDG value [24] and the LHCb result [31].
The ratio of the Λ0b and B
0
d lifetimes has been measured:
R = τΛ0b/τB0d = 0.960± 0.025(stat)± 0.016(syst).
This ratio is intermediate to the recent determination by D0, RD0 = 0.864±0.052(stat)
± 0.033(syst) [33], and the measurement by CDF, RCDF = 1.020 ± 0.030(stat) ±
0.008(syst) [32]. It agrees with heavy quark expansion calculations which predict
the value of the ratio to be between 0.88 and 0.97 [34] and is compatible with the
next-to-leading order QCD predictions with central values ranging between 0.86 and
0.88 (uncertainty of ± 0.05) [35].
5 Observation of a new χb state in radiative tran-
sitions to Υ(1S) and Υ(2S)
The χb(1P ) and χb(2P ) states have been observed in previous experiments, but the
χb(3P ) state has not. The χb(3P ) state is the highest P state predicted below the B−
B threshold as shown in Figure 6 with mass about 10.52 GeV and hyperfine splitting
about 10-20 MeV. The χb(nP ) states are sought using a data sample corresponding to
an integrated luminosity of 4.9 fb−1 of ATLAS 2011 data [36], through decay modes
of χb(nP )→ Υ(1S)γ and χb(nP )→ Υ(2S)γ.
In this measurement, a set of muon triggers designed to select events containing
muon pairs or single high transverse momentum muons was used to collect the data
sample. Each muon candidate must have a track reconstructed in the MS combined
with a track reconstructed in the ID with pT > 4 GeV and pseudorapidity |η| < 2.3.
The di-muon selection requires a pair of oppositely charged muons which are fitted to
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Figure 6: Masses and radiative transitions of the χb states as observed in ATLAS.
The first column shows the world-average masses of the states. The second column
displays the ATLAS mass barycenter determination for each of the χb(1P, 2P, 3P )
triplets, with the bands of vertical stripes indicating the measurements from the
analysis using unconverted photons and the solid band representing the measurement
from the converted photon analysis (χb(3P ) only). Dashed lines between the states in
the second and first columns indicate the radiative transitions observed by ATLAS.
In the third column, the world averages (or Potential Model predictions in the case of
the 3P) are shown for the three multiplets. Progressively paler shades of blue indicate
the J = 0, 1, 2 states.
Figure 7: The invariant mass of selected di-muon candidates. The shaded regions A
and B show the selections for Υ(1S) and Υ(2S) candidates respectively.
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(a) (b)
Figure 8: (a) The mass distribution of χb → Υ(1S)γ candidates for uncon-
verted photons reconstructed from energy deposits in the electromagnetic calorimeter
(χ2fit/Nd.o.f. = 0.85). (b) The mass distributions of χb → Υ(kS)γ (k = 1, 2) candi-
dates formed using photons which have converted and been reconstructed in the ID
(χ2fit/Nd.o.f. = 1.3). Data are shown before the correction for the energy loss from the
photon conversion electrons due to bremsstrahlung and other processes. The data
for decays of χb → Υ(1S)γ and χb → Υ(2S)γ are plotted using circles and triangles
respectively. Solid lines represent the total fit result for each mass window. The
dashed lines represent the background components only.
a common vertex. The di-muon candidate is also required to have pT > 12 GeV and
|η| < 2.0. Υ(1S)→ µµ candidates with masses in the range 9.25 < mµµ < 9.65 GeV
and Υ(2S) → µµ candidates with masses in the range 9.80 < mµµ < 10.10 GeV are
selected (Figure 7). This asymmetric mass window for Υ(2S) candidates is chosen
in order to reduce contamination from the Υ(3S) peak and continuum background
contributions. A photon is combined with each Υ candidate. Converted photons
reconstructed by ID tracks from e+e− pairs with a conversion vertex and unconverted
photons reconstructed by electromagnetic calorimeter energy deposit are used. The
converted photon candidates are required to be within |η| < 2.30 while the uncon-
verted photon candidates are required to be within |η| < 2.37. Unconverted photons
must also be outside the transition region between the barrel and endcap calorime-
ters, 1.37 < |η| < 1.52. Requirements of pT (µ+µ−) > 20 GeV and pT (µ+µ−) > 12
GeV are applied to Υ candidates with unconverted and converted photon candidates
respectively. These thresholds are chosen in order to optimize signal significance in
the χb(1P, 2P ) peaks.
As shown in the mass difference m(µ+µ−γ) − m(µ+µ−) + mPDG(Υ) distribu-
tions (Figure 8), in addition to the mass peaks corresponding to the decay modes of
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χb(1P, 2P ) → Υ(1S, 2S), a new structure centered at mass 10.530 ± 0.005(stat.) ±
0.009(syst.) GeV is observed with a significance of more than 6σ in both of those two
independent samples. This is interpreted as the χb(3P ) state.
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